The fruitful association of quantum and integrated photonics holds the promise to produce, manipulate, and detect quantum states of light using compact and scalable systems. Integrating all the building-blocks necessary to produce high-quality photonic entanglement in the telecom wavelength range out of a single chip remains a major challenge, mainly due to the limited performance of on-chip light rejection filters. We report a stand-alone, telecom-compliant, device that integrates, on a single substrate, a nonlinear photon-pair generator and a passive pump rejection filter. Using standard channel-grid fiber demultiplexers, we demonstrate the first entanglement qualification of such a integrated circuit, showing the highest raw quantum interference visibility for time-energy entangled photons over two telecom-wavelength bands. Genuinely pure maximally entangled states can therefore be generated thanks to the high-level of noise suppression obtained with the pump filter. These results will certainly further promote the development of more advanced and scalable photonic-integrated quantum systems compliant with telecommunication standards.
The fruitful association of quantum and integrated photonics holds the promise to produce, manipulate, and detect quantum states of light using compact and scalable systems. Integrating all the building-blocks necessary to produce high-quality photonic entanglement in the telecom wavelength range out of a single chip remains a major challenge, mainly due to the limited performance of on-chip light rejection filters. We report a stand-alone, telecom-compliant, device that integrates, on a single substrate, a nonlinear photon-pair generator and a passive pump rejection filter. Using standard channel-grid fiber demultiplexers, we demonstrate the first entanglement qualification of such a integrated circuit, showing the highest raw quantum interference visibility for time-energy entangled photons over two telecom-wavelength bands. Genuinely pure maximally entangled states can therefore be generated thanks to the high-level of noise suppression obtained with the pump filter. These results will certainly further promote the development of more advanced and scalable photonic-integrated quantum systems compliant with telecommunication standards.
Quantum information science (QIS) exploits the fundamental properties of quantum physics to code and manipulate quantum states. QIS is regarded as the most promising pathway towards disruptive technologies, envisioning major improvements in processing capabilities and communication security [1, 2] . However, practical implementations, such as quantum key distribution systems or quantum processors, require a large amount of compatible building-blocks [3] [4] [5] [6] . Integrated photonics provides efficient and reliable solutions for realizing advanced quantum communication systems based on both linear and nonlinear elements [7] [8] [9] [10] [11] [12] [13] . Still, all these realizations face a crucial limitation as soon as on-chip suppression of photonic noise is concerned due to the substantially higher pump intensity compared to that of the photon-pairs. Most of the time, this operation is externalized, using fiber or bulk optical components, and hinders the benefit of both the compactness and stability of the whole system [14] .
CMOS-compatible technologies hold the promise of bringing quantum photonics one step further with optical circuits showing higher integration levels [15] . A few experiments based on this technology have been carried out to address the pump rejection challenge using on-chip solutions [16] [17] [18] [19] [20] [21] [22] . On-chip pump rejection has been demonstrated based on a semiconductor quantum dot integrated in a CMOS photonic circuit, but emitting out of the telecom range. The other strategies suffer from two main limitations: i) the continuous monitoring of the filter response to maintain proper performance [16] [17] [18] , and ii) prohibitive additional interconnection losses between components [19, 20] (up to 9 dB [21] ). Moreover, all these solutions have reported temporal correlation measurements for revealing the degree of indistinguishability * laurent.labonte@univ-cotedazur.fr between the paired photons [19, 20] . Qualifying quantum correlations in a stricter way, i.e. by means of a Bell-type entanglement witness [23] , is essential for a large variety of quantum applications such as secret key distribution [24] , superdense coding [25] , teleportation [26] , sensing [27] , and computing [5] . Such an entanglement characterization still remains unanswered whatever the integration platform (silicon, III-V semiconductors, lithium niobate) exploited for stand-alone devices embedding a pump-rejection solution. Yet, the degree of entanglement could be reduced by excess background noise or Raman photons induced inside the on-chip pump filter itself.
In this work, we demonstrate and qualify a wavelength multiplexed entangled photon-pair source fully compliant with fiber telecom networks and semiconductor technology. Based on CMOS-compatible silicon photonics platform, our design includes a photon-pair generator and a pump rejection filter, paving the way for compact, lowcost, and telecom compliant quantum solutions. The rejection filter strategy has already shown in a previous work a pump suppression level up to 80 dB [28] . Moreover, we proceed to the qualification of energy-time entanglement carried by the photon-pairs using a standard Franson-type interferometer [29] . We show twophoton interference fringes with a raw visibility exceeding 92% over eleven complementary channels pairs spanning from both S and C telecom bands [30] along with a coincidence-to-accidental ratio reaching 60. By complementary, we understand frequency correlated channels apart from the pump channel. The next step will consist in integrating wavelength demulitiplexing components directly on chip so as to obtain a fully functionalized and scalable entanglement supplier [31] .
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RESULTS
Photonic device & classical measurements
As sketched in Fig. 1a , our silicon chip integrates several building-blocks towards realizing a stand-alone quantum photonic device: a ring resonator (RR), a pump filter (PF) based on multi-mode cascaded Bragg filter, and modal couplers, as well as in and out grating couplers. The quality factor and the free spectral range (FSR) of the RR are equal to Q = 3 · 10 4 and 200 GHz around 1535 nm, respectively. As shown in Fig. 2 (a) , the transmission profile of our RR features by design a frequency-comb structure matching that of the two first telecom channel pairs (see Methods for the design and the fabrication). This makes it possible to use off-the-shelves telecom components for demultiplexing and routing the information out of the chip. Through spontaneous four wave mixing (SFWM), photons pairs are created according to the conservation of both the energy and the momentum. The photon pairs are produced in a symmetrical way with respect to the pump wavelength ( Fig. 2 (a) and Fig. 2 (b) ). In the following, long-wavelength photons are referred to as signal photons, whereas short-wavelength ones to as idler photons. Concerning the PF, the grating period of the Bragg filters has been chosen to reflect light around 1535 nm into the second order mode (see Methods). By adding a single-mode waveguide between the sections of the PF, the second mode is radiated into the substrate, breaking the coherence that would otherwise been established. This strategy allows implement high-rejection filters being all-passive thanks to the cascading of modal-engineered Bragg gratings with relaxed fabrication requirements [28] .
A modal coupler is added between the ring and the first Bragg section to recover part of the reflected light through the feedback port [32] . This makes the alignment of the pump laser to the desired resonance easier even with thermal drift. Note that no cladding is added to improve the natural transverse magnetic (TM) polarization filtering of the waveguide. Finally, subwavelength fiber-chip grating couplers are employed to inject and extract transverse electric (TE) polarized light using standard single-mode optical fibers [33] .
Prior to quantum qualification, we characterize the circuit in the classical regime by measuring its transmission spectrum using a tunable laser associated with a data acquisition system (Yenista Tunics and CT400) ( Fig. 2 ). We use a polarization rotator to inject TE-polarized light into the grating. The pump rejection filter has a 3-dB bandwidth of 5.5 nm. In our case the usable bandwidth is only 3 nm, as only the deepest part of the filter can be exploited for the rejection of the pump. As shown in Fig. 2 , the measured rejection of the filter is higher than 60 dB (dark-blue curve), which corresponds to the noise floor (red dashed line) of our detector. This measured rejection rate is consistent with state-of-the-art realizations for single-chip PF [16] [17] [18] . To further investigate the performances of the PF, we need to qualify the entangled states generated on an advanced integrated circuit including this PF.
Time correlation measurements We proceed to time correlation measurements as a prerequisite to two-photon interference for qualifying the amount of entanglement carried by the photon pairs generated and filtered on chip. To reveal time correlation ( Fig. 1c ), signal and idler photons are separated and sent to different detectors that are connected to a time-to-digital converter (TDC). The statistic in the arrival times and related delays is then recorded and reconstructed as a coincidence histogram ( Fig. 3a ). To this end, the paired photons are demultiplexed at the chip's output with off-the-shelf filters of only 22 dB cross-talk (as shown in Fig. 1e ). The pump is set to λ p = 1534.2 nm (C band) with an input power of 2.8 mW after the polarization controller ( Fig. 1a ). As a first step, we study the closest resonances from the pump, i.e paired channels distant by two and three FSR, as they may suffer preferably from the pump photonic noise. The related wavelength for the 2-and 3-FSR shift are highlighted in Fig. 2 and detailed in the Methods. Examples of typical coincidence histograms are shown in Fig. 3a , where distinct coincidence peaks emerge over a small background of accidental counts. This stands as a clear signature of the simultaneous emission of the photon pairs. The width of the coincidence peak is given by the convolution of the coherence time of the photons, σ coherence ∼ 110 ps, of the detectors' timing jitters, σ jitter ∼ 100 ps, and of the time resolution of the TDC, σ resolution ∼ 1 ps. The full width at half maximum of the coincidence peak is about 160 ps, which is consistent with σ 2 coherence + σ 2 jitter + σ 2 resolution ∼ 150 ps. Both the 2-FSR shift and 3-FSR shift resonances exhibit similar results.
We now consider the internal brightness of the ring. The overall losses of the setup, including the input/output and propagation losses of the chip, are outlined in Table II of the Methods section. The single count rates in the coincidence experiment are of 4 · 10 4 signal counts per seconds and 3 · 10 4 idler counts per seconds, with 17 dB and 18.5 dB of losses, respectively. The overall coincidence peak spreads over several time bins and shows an average of 120 coincidences per second over a time window of 400 ps (Fig. 3a ). With all those figures, we can infer an internal generated photon-pair rate of (2.1 ± 0.2) · 10 6 pairs/s. As the ring shows resonances of 42 pm width ( Fig. 2b ) and the power in the ring is estimated to be 0.9 mW, we estimate an internal brightness of ∼ 500 pairs/s/mW 2 /MHz. Due to the non-deterministic wavelength separation induced by the beam splitter ( Fig. 1a ) and the spectral filtering ensured by the bandpass filters in each arm, the rate at the output of the chip is 4 times higher, i.e about 480 pairs generated per second for each channel pair. Let us stress that this coincidence rate, stands among the best values reported for photonic devices embedding several key components [7, 20, [34] [35] [36] [37] [38] . In comparison, similar realizations suf- fer from low coincidence rates due to prohibitive losses, precluding any further analysis of entanglement [19, 20] . Note that the other interesting feature reported in Table  II is the 2 dB-loss for the pump filter which is almost only due to propagation. This low value associated with a high rejection level and a narrow bandwidth makes our pump filtering strategy a promising candidate for next generation quantum photonic circuits.
Before addressing entanglement analysis, a relevant figure of merit associated with time correlation measurements consists in evaluating the signal-to-noise ratio (SNR) between the coincidence peak and the background noise. In the measurements presented in Fig. 3a , the SNR is greater than 60 for both histograms (2-FSR shift and 3-FSR shift). Accidental counts mainly come from successive pairs events, when one of the two photons has lost its paired companion. This SNR can be improved by using a lower pump power at the price of reduced coincidence counts and of longer integration times [39] . There, our strategy is slightly different and promotes pragmatic realizations of QIS experiments by emphasizing high-coincidence counts while keeping a moderate but safe SNR [9] .
Energy-time entanglement analysis The photon pairs are genuinely energy-time entangled as they are produced by SFWM [15, [40] [41] [42] [43] [44] [45] [46] . Entanglement is analyzed using a folded Franson arrangement consisting of an unbalanced fiber Michelson interferometer (F-MI) ( Fig. 1d) [23, 47] . A piezo-transducer is used to extend the fiber in one arm, changing the imbalance of the interferometer, and thus the relative phase between the two arms. Energytime quantum correlation are revealed by the coherent superposition of the contributions coming from identical two-photon paths (short-short and long-long) contrarily to the contributions coming from different paths (longshort, or conversely). Consequently, a coincidence histogram with the emergence of 3 peaks is recorded [9] (Fig.  3b ). The central peak gathers the two indistinguishable contributions leading to interference, provided all experimental conditions reported in the Methods section are satisfied. The total and average numbers of coincidences in the central and side peaks, respectively, ( Fig. 3(b) ) are used to plot the patterns shown in Fig. 4 .
Interference patterns recorded for 2-FSR shift (Fig.  4a ) and 3-FSR shift (Fig. 4b) resonances are obtained with a phase resolution of 2π 20 , compliant with the F-MI stability. The interferometer π-dephasing time-scale is in the hour range which leaves enough time to perform a scan without being subjected to detrimental phase drifts. The side peak in Fig 3(b) also shows the stability of the photon generation process. The typical acquisition time for recording two fringes is 6 minutes. The noise figure in the central peak is of about 0.5 and 0.9 counts/s for the 2-FSR shift and 3-FSR shift resonances, respectively. The two-photon interference fringes are fitted with respect to N 0 (1 − V cos(2φ)), where N 0 is the mean number of coincidences and V the fringes visibility considered as a free-fit parameter to infer the visibility.
Raw visibilities of (98.0 ±2)% and (96.7±3)% without subtraction of photonic or detector noise are obtained, for the 2-FSR shift pairs (R-squared of 0.96) and for the 3-FSR shift pairs (R-squared of 0.99), respectively. The net visibility is obtained by subtracting photonic noise originating from the detectors'dark counts (200 counts/s) and corresponds to (99.6 ±1.5)% and (98.0 ±1.2)% for the 2-FSR shift and 3-FSR shift pairs, respectively. We extend our investigations according the same methodology for subsequent paired-channels within the S-band and the full C-band [30] . More precisely, we explore the entanglement quality of 9 extra pairedchannels, i.e up to 11-FSR shift, spaced by 40 nm (1515-1555 nm) on both sides of the pump channel, leading to the ability of supporting a high number of users in a multiplexing scenario [9] . The details for the signal and idler wavelengths corresponding to i-FSR shift, with 2 ≤ i ≤ 11, are reported in the Methods. The raw visibilities for all the paired-channels exceeds 92% for an internal rate ≥ 1 MHz as shown in Fig. 5 . Note two other photonic noise contributions have been evaluated before being neglected: multiple photon-pair events and non-perfect overlap between the two identical two-photon paths ("short-short" and "long-long"). The former was not considered because of the low mean number of photon pairs per gate window (n = 3.10 −4 ). The origin of the latter contribution lies in the wavelength difference between the signal and the idler over the full range of analysis (∼ 50 nm), leading to potentially slightly distinguishable "short-short" and "long-long" two-photon paths. The time arrival difference has been evaluated to be < 10 −5 ps whereas the full width at half maximum of the coincidence peak is equal to 160 ps (Fig. 3a) , which represents several orders magnitudes higher than the shift between the "short-short" and "long-long" path.
This result not only stands as among the highest raw quantum interference visibility for time-energy entangled photons from a micro/nanoscale integrated circuit over such a large spectral window (partially over the S band and fully over the C band) but also the first entanglement qualification of a complex integrated circuit including the pump filter [7, 36, 48] . Furthermore, generating genuinely a pure maximally entangled state from an integrated source associated with a high coincidence rates will be of special interest for QIS experiments.
DISCUSSION
Our strategy is geared towards developping "Plug-&-Play" and scalable quantum photonic systems by exploiting sophisticated silicon-based architectures combined with off-the-shelves telecom components [16] [17] [18] [19] [20] . Notably, the high SNR (>60) and the low noise observed in both coincidence and interference experiments ( Fig. 3  FIG. 3. Recorded coincidence histograms. (a) The histograms represent the recorded coincidences for both 2-FSR shift and 3-FSR shift resonances. The overall integration time is 10 seconds and the measurements are done with SSPD detectors (Fig.  1b) . The 2-FSR rate is of about 116 counts/s with an SNR of 67.5, while the 3-FSR coincidence rate is of about 151 counts/s with a SNR of 100. The noise level within the peak is between 1.5 counts/s and 1.7 counts/s. (b) The histograms represent the coincidences at the output of the interferometric setup sketched in Fig.1c for the 2-FSR shift resonances. They show a maximum and a minimum of interference (region (1)). Here, the overall integration time is of 5 seconds. The error bars for all points come from Poissonian statistics associated with the pairs (e.g.
√ N , N being the number of coincidences). Note that similar histogram are obtained for the 3-FSR shift case. Fig. 3b ) and the average of the side peaks (Regions (2) and (3) in Fig. 3b ). Each point is obtained with a 5 seconds integration time and the step increment of π/8. The side peak rates show the stability of the measurement. Here noise counts are not removed from the measurements, (a) corresponds to the 2-FSR shift resonances with a noise of 0.5 counts/s, (b) is the 3-FSR shift resonances with a noise of 0.9 counts/s. The error bars for all points come from Poissonian statistic. and 4) show the effectiveness of our pump rejection solution, achieved in an all-passive manner. Furthermore, the acquisition time for recording the interference patterns is on the order of several minutes, allowing a setup free of complex stabilization systems for the F-MI. Note that the on-chip pump rejection is complemented by two bandpass filters, corresponding to a total amount of 82 dB, which is lower than the typical necessary value of 100 dB [19] . This difference probably arises from an underestimation of the real rejection of the on-chip pump filter, which is closer to 80 dB. This assumption is confirmed by a previous work based on the design, the implementation and the qualification of such a filter [28] . Moreover, signal and idler photons are coupled to off-chip bandpass filters leading to spatial filtering of the light scattered from the chip.
FIG. 4. Plots of the coincidence rates (blue curve) for the central (Region (1) in
We also stress that, the modal coupler cascaded with the PF allows the exploitation of the rejected signal, in order to match the frequency combs from the RR with the pump laser ( Fig. 1a ). We could use this strategy to demultiplex signal and idler photons in an all-passive way by cascading several modal couplers of this type. In this case, the period of the gratings that are part of the PF has to be adjusted according to the signal and the idler wavelengths. Furthermore, the slope of the edges corresponding to the transition from high blocking to high transmission of the PF (Fig. 2 ) is evaluated to be of 22.3 dB/100 pm, being therefore compatible with narrower spectral channels. Hence, the exploitation of a micro-ring associated with a 50 GHz FSR instead of 200 GHz stands as a relevant improvement in order to enhance the number of users supported by the chip up to 44 pairwise users [49] . This solution would neither impact the design of the PF nor the demultiplexing stages as 50 GHz stands as a standard for the ITU channel grid.
In summary, we have demonstrated near perfect entanglement quality out of a single photonic chip embedding both generation and pump rejection building blocks. We have measured raw visibilities exceeding 92 % for 11 channel pairs over telecom bands covering the spectral range 1515-1555 nm. Our approach, combining high performance, flexibility, scalability and compliance with telecom standards, stands promising for operational QIS applications. This brings an essential step closer to demonstrate ambitious photonic quantum devices enabling onchip generation, filtering and manipulation of quantum states.
METHODS
Design
The ring resonator is in a racetrack configuration with a radius of 49 µm and a straight section of 18 µm. The gap between the ring and the bus waveguide is 150 nm wide. The ring waveguide width is 600 nm, making it multi-mode, whereas the bus waveguide width is 400 nm, to be single-mode.
The pump filter is composed of 9 cascaded sections of multi-mode Bragg filters (BF), each being 300 µm long. The corrugation of the filters is W corr = 225 nm, the waveguide width and the pitch of each section are equal to W = 1.15 µm, and P = 290 nm, respectively, with a duty cycle of 50 %. Tapers and apodizing of the corrugation have been placed at the ends of all sections to improve transmission. Consequently, the losses of our filter comes mainly due to the propagation and are as low as 2.5dB. Furthermore, our device works fully passively. Finally, the grating couplers are optimized to reduce Fabry-Perot ripples in the collected signal for an easier analysis of the transmission spectrum.
Fabrication The circuit was made using silicon-oninsulator wafers comprising a 220 nm thick silicon and a 3 µm buried oxide layer. Electron beam lithography (Nanobeam NB-4 system 80kV , with a step size of 5 nm), dry, and inductively coupled plasma etching (SF6 gas) were used to define the patterns. Note that all fabrication steps, notably concerning the dimensions of the components (minimum feature size of 145 nm from the pitch), can be realized with standard deep-UV lithography.
Measurements The full experimental setup is presented in Fig. 1 . Light from a narrowband tunable telecom CW laser (Yenista Tunics Plus laser) is coupled to the device. Before the silicon chip, a tunable bandpass filter (Yenista XTM-50) is used to clean the laser from the amplified spontaneous emission (ASE), which would otherwide be coupled to the chip and not filtered by any other components. Then a polarization controller is used to set the laser light to the TE polarization mode (Fig.  1a) . The TM polarization is suppressed by both grating couplers (about 40 dB each) of the circuit as well as by the waveguide itself due to the asymmetric cladding (silicon waveguide between silica and air layers). Finally, a Peltier driven by a temperature controller (Thorlabs TED 200C) is used to ensure a thermal regulation of the sample to (21 ± 0.01) • C.
For the time correlation measurements, we employ, after the sample, a beam splitter followed in each arm by a bandpass tunable filter (OZ optics) of 600 pm bandwidth and 20 dB extinction ratio (Fig. 1a ). This is for demultiplexing signal and idler photons, one filter being set to the signal wavelength and the other to the idler wavelength ( Fig. 1e ). We use two superconducting single photon detectors (SSPD, ID Quantique ID281) connected to a TDC (PicoQuant HydraHarp 400) for recording coincidence counts with a bin precision of 1 ps.
Exploiting energy-time observable relies on the systematic lack of information of the pairs' creation times within the coherence time of the employed CW pump laser. In practice, the twin photons pass through the unbalanced interferometer (see Fig. 1d ) following either the same path (short-short or long-long) or different paths (longshort, or conversely) [9] . These contributions are distinguished by measuring the arrival times of the idler photons with respect to those of the signal photons using the TDC. This enables recording a coincidence histogram comprising three peaks (Fig. 3b ). The side peaks (labeled (2) and (3)) correspond to the situations where the paths are different whereas the central peak (labeded (1)) gathers the two indistinguishable cases (short-short and long-long) leading to two-photon interference. Note that the F-MI imbalance (∼ 350 ps) needs to be greater than the coherence time of the single photons (∼ 100 ps) to avoid first-order interference and shorter than the coherence time of the CW pump laser (∼ 100 ns) in order to have a coherent superposition between short-short and long-long contributions in the central peak. By using a narrow coincidence window that excludes the side peaks, entanglement can be revealed according to the coincidence counting evolution N 0 (1 − V cos(2φ)), where V and φ represent the fringe visibility and the phase accumulated by the single photons in the interferometer, respectively. The visibility stands as our the main figure of merit, and correlation described by such a coincidence function with a visibility higher than 70.7 % cannot be described by any local hidden-variables theories [50] . 
